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Abstract
We have performed 59Co spin-echo NMR measurements on Cen+1Co3n+5B2n (n = 0, 1, 2, 3) at
T= 1.4 K. The NMR spectra corresponding to the inequivalent crystallographic sites were ob-
tained. The resonance frequencies of the 2c-Co have been observed in the range 60-80 MHz, and
those of the 6i-Co(6i1-Co) around 32 MHz. In addition to the zero-ﬁeld spectra, the ﬁeld-swept
spectra from non-magnetic Co have also been observed for Ce3Co11B4 and Ce2Co7B3. These
spectra arise from the 3g-Co in Ce3Co11B4 and the 6i2-Co in Ce2Co7B3. From the Co hyperﬁne
ﬁeld analysis, the Co magnetic moments at the inequivalent crystallographic sites are estimated.
Magnitude of the spin moment for the 2c-Co is estimated to be ∼1.2 μB for Cen+1Co3n+5B2n
(n = 0, 1, 2, 3), and to be about 0.4 μB for the 6i1-Co in Ce3Co11B4 and Ce2Co7B3, while
the orbital moment of the 2c-Co varies from ∼0.3 μB in CeCo5 to ∼0.1 μB in Ce2Co7B3, and
those for the 3g-Co and 6i1-Co are found to be 0.08 and 0.01 μB, respectively. The Co magnetic
moments are found to be strongly inﬂuenced by the crystallographic environment around the
Co site.
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1 Introduction
The compounds Cen+1Co3n+5B2n (n = 0, 1, 2, 3) are based on the CaCu5-type structure(space
group P6/mmm). The crystal structures for n ≥ 1, which are derived from CeCo5 (n = 0) by
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partial substitution of B for the Co atoms, changes regularly with increasing n: CeCo4B (n=1),
Ce3Co11B4 (n= 2), Ce2Co7B3 (n=3)[1]. For the isostructural compounds Yn+1Co3n+5B2n,
there are remarkable features in the magnetic properties: the hybridization between Co 3d
and B 2p states and the existence of large orbital magnetic moment of Co. This hybridization
reduces Co magnetic moment, and the magnetic moment of Co is strongly correlated with
number of neighboring B atoms[2–7]. Neutron diﬀraction measurements on YCo5 have indicated
the existence of orbital moments of ∼0.46 μB for the 2c-Co and ∼0.28 μB for the 3g-Co ,
respectively[8]. The large orbital moments have also been found in energy band calculations[9–
14].
The magnetic properties of Cen+1Co3n+5B2n are expected to be similar to those of isostruc-
tural compounds Yn+1Co3n+5B2n[15, 16], however, unlike Y ion, Ce ions have itinerant behavior
with small antiparallel magnetic moments to Co magnetic moments[9, 17, 18], and Ce 4f state
hybridizes with Co 3d state. These characteristics of the Ce ion are considered to cause the
complex magnetic properties of Cen+1Co3n+5B2n (n = 0, 1, 2, 3) which remain unclear up to
now. Furthermore, there are, to our knowledge, few experimental data on the spin and orbital
moments of Cen+1Co3n+5B2n. We have estimated Co magnetic moments at the inequivalent
crystallographic sites from 59Co NMR measurements, combining the results of energy band
calculations[9, 17–19].
2 Results and Discussion
NMR measurements on the compounds Cen+1Co3n+5B2n (n = 0, 1, 2, 3) have been done at T
= 1.4 K by the spin-echo method. The samples used for present study were prepared by arc
melting the constituents. The ingots were remelted several times for ensuring the homogeneity,
and then were annealed at 900 ℃ for several days. The phase purity of samples was checked
by X-ray powder diﬀraction. The results on the CeCo4B sample have revealed the presence of
a small amount of CeCo5 as an impurity phase, which is less than 5 at.% to the main phase.
Zero-ﬁeld 59Co NMR spectra of Cen+1Co3n+5B2n (n = 0, 1, 2, 3) are shown in Fig.1(a).
The spectra consist of the lines appearing around 32 MHz and broad lines in the frequency
range 50-90 MHz for the compounds with n = 1, 2, 3. In CeCo4B, the Co atoms occupy two
crystallographic sites, 2c and 6i. However, the NMR spectrum has three peaks at 31, 56 and 80
MHz. Taking account of the presence of an impurity phase in X-ray powder pattern analysis,
we assumed the line with a peak at 56 MHz to arise from 2c-Co in CeCo5 as the impurity phase
and the 3g-Co line in CeCo5 to superpose on the 2c-Co line in CeCo4B. The line around 80
MHz was decomposed into two lines at ∼78 and ∼83 MHz with Gaussian ﬁtting curves, and
the line at 78 MHz was assigned to the 3g-Co in the impurity CeCo5 and the 83 MHz line
to the 2c-Co in CeCo4B. The spectra of Ce3Co11B4 and Ce2Co7B3 are very similar to each
other, which implies that these compounds resemble in the magnetic properties of Co atoms.
The observed hyperﬁne ﬁelds of Co in Cen+1Co3n+5B2n (n = 0,1,2,3) are shown in Table 1.
The NMR results for CeCo5 and CeCo4B have already been reported[20, 21]. There are two
important points as seen in Table 1: one is the change of sign of Hhf at 2c-Co between CeCo5
and CeCo4B, and another is the large diﬀerence between the present value for 2c-Co in CeCo4B
and that reported by Yoshie et al.[21]. According to the energy band calculations[9, 17], the
Co atoms at the 2c site in CeCo5 and CeCo4B have substantial amount of orbital moment.
The orbital moment, even if it is small, produces a large positive hyperﬁne ﬁeld opposite to the
negative hyperﬁne ﬁeld due to the core polarization ﬁeld. Therefore, the total hyperﬁne ﬁeld,
Hhf , is produced on the delicate balance between the core polarization ﬁeld and the orbital
ﬁeld. The large orbital moment of Co is expected to make Hhf of the 2c-Co in CeCo5 to be
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Fig. 1. (a) Zero-ﬁeld 59Co NMR spectra of Cen+1Co3n+5B2n(n = 0, 1, 2, 3) observed at T= 1.4 K. Dotted
lines denote Gaussian ﬁtting results. In CeCo4B, dotted line indicates CeCo5 spectrum as an impurity phase.
(b) Field swept spectrum of Ce2Co7B3 observed at 12 MHz and 1.4 K. (c) Frequency vs. magnetic ﬁeld for
Ce2Co7B3. The solid line is drawn with the slope of γ/2π = 1.003 MHz/kG.
Table 1. Observed hyperﬁne ﬁelds (kG). The signs of Hhf for the 6i-Co in CeCo4B and for the 6i1-Co in
Ce3Co11B4 and Ce2Co7B3 are assumed to be negative. Some other data[20, 21] are also listed.
compound\site Co2c Co3g Co6i(Co6i1) Co6i2
CeCo5 +56.9 -77.8
CeCo5 [20] +62 -70
CeCo4B -83.2 (-)30.9
CeCo4B [21] +2.5 - 32.6
Ce3Co11B4 -58.8 0 (-)33.4
Ce2Co7B3 -60.3 (-)33.5 0
positive, whereas Hhf of the 3g-Co will be negative due to the small orbital moment. In Fig.1
(c) the resonance frequency vs. external magnetic ﬁeld is shown for Ce2Co7B3. The y-intercept
of the line with the slope of the 59Co gyromagnetic ratio is zero. The ﬁeld dependence of the
frequency indicates the NMR line arising from non-magnetic Co. Similar results have also been
observed for Ce3Co11B4. The 6i2 site in Ce2Co7B3 and the 3g site in Ce3Co11B4 have the
nearest B layers above and below, and the hybridization between Co 3d and B 2p states is large
compared to that of other Co sites. Consequently the 3g-Co in Ce3Co11B4 and the 6i2-Co in
Ce2Co7B3 become non-magnetic as reported by the energy band calculations for YCo4B and
YCo3B2[5, 17] and also by the neutron diﬀraction data[15, 16].
In Cen+1Co3n+5B2n compounds, the main contributions to the Hhf at Co sites are the core
polarization ﬁeld due to the on-site magnetic spin moment and the orbital ﬁeld due to small
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Table 2. Estimated magnetic moments (μB/Co). Spin moment in upper line and orbital moment in lower
line. The values of MCo (μB/f.u.) in the last column are calculated by using the spin and orbital moments
shown in this table. The f.u. in (μB/f.u.) is deﬁned as CeCo5, CeCo4B, Ce3Co11B4 and Ce2Co7B3, for
Cen+1Co3n+5B2n with n=0,1,2, and 3, respectively. The data for CeCo5[22], CeCo4B [23] and Ce2Co7B3
[24, 25] in the last column are obtained by magnetization measurements.
compound\site Co 2c Co 3g Co 6i1 Co6i2 MCo
CeCo5 1.22 1.14 6.74
0.32 0.08
CeCo5 [9] 1.266 1.267 6.97
0.163 0.103
CeCo5 [17] 1.17 1.01 5.95
0.17 0.08
CeCo5 [20] 0.97 1.14 6.3
0.29 0.12
CeCo5[22] 7.12
CeCo4B 1.21 0.47 2.81
0.083 0.035
CeCo4B [19] 1.35 0.44 2.67
CeCo4B [23] 2.1
CeCo4B [17] 1.12 0.55 3.08
0.19 0.04
CeCo4B [18] 1.164 0.418 2.42
Ce3Co11B4 1.21 0 0.36 4.88
0.12 0 0.01
Ce3Co11B4 [26] 1.40 0 0.40 5.2
Ce3Co11B4 [17] 1.21 0.08 0.36 4.82
Ce2Co7B3 1.24 0.36 0 2.48
0.13 0.01 0
Ce2Co7B3 [24] 1.8
Ce2Co7B3 [25] 0.98
unquenched magnetic orbital moment. The contributions from neighboring spins to Hhf , i.e.,
the transferred ﬁeld and the dipole ﬁeld, are negligibly small[27, 28]. Assuming the Hhf to be
attributed to the core polarization ﬁeld and the orbital ﬁeld, we estimate the magnetic moments
of Co of the compounds using an empirical relation between Hhf and magnetic moment,
Hhf = αμspin + βμorb, (1)
where μspin and μorb are Co magnetic moments due to spin and orbit, respectively, and α and
β are the hyperﬁne coupling constants. For the α and β, the variations appear in the publised
data, e.g., α is from ∼-100 to ∼-130 kG/μB[27, 29–31], and β from 600 to 650 kG/μB[29, 32, 33].
Thus magnitudes of α and β are diﬃcult to determine accurately. In order to estimate the spin
59Co NMR of Cen+1Co3n+5B2n (n = 0, 1, 2, 3) Shimizu, Kakiuchi, Ito, and Ido
856
and orbital moments, ﬁrst, we estimate the coupling constants α and β, and next, using the
α, β and the observed Hhf , we estimate the magnetic moments. Here, we have assumed that
the Co magnetic moments of the compounds are mainly determined by the spin moments. The
ratios of the orbital moment to the spin moment are 0.13-0.15 for the 2c-Co and 0.08 for the
3g-Co in CeCo5[9, 17]. In isostructural YCo5, the ratios are 0.15-0.26 for the 2c-Co and 0.14-
0.16 for the 3g-Co[8, 34]. Thus the magnitude of the orbital moment is small compared to that
of spin moment, in addition, the numerical values may contain a relatively large error[9, 17].
Therefore , in the estimation process of α and β in eq.(1), we ﬁrst ﬁx the spin moment values
for 2c- and 3g-Co atoms obtained by the band calculations. Then, we estimated μspinand μorb
in Cen+1Co3n+5B2n by making use of experimental values of Hhf together with the equation
(1). Detailed estimation process is as follows:
(a) In order to obtain the coupling constants, α and β, for CeCo5, we have varied the value
of μorb as a parameter, taking account of the calculated values [9, 17], so that the α falls into
the range around -100 kG/μB and β into the range around 600 kG/μB. Here, we have restricted
α and β to be common to the 2c-Co and the 3g-Co. For the spin moments in eq.(1), we have
adopted the values of 1.22 and 1.14 μB for the 2c-Co and the 3g-Co, respectively, which have
been obtained by averaging over the calculated values[9, 17]. As a result, for CeCo5 we have
chosen to be -110 and 600 kG/μB, for α and β, respectively, using μorb= 0.32 and 0.08 μB as
suitable values for the 2c-Co and 3g-Co, respectively.
(b) For the remaining compounds with n=1, 2, 3, we have assumed that the hyperﬁne
coupling constants, α and β are the same as those for CeCo5. The signs of the observed Hhf of
Co at 6i and 6i1 sites have been assumed to be negative. If taking a positive value, the resulting
orbital moments become very large. For CeCo4B, the spin moments have been taken to be
1.21 and 0.47 μB for the 2c- and 6i-Co, respectively, which were obtained by averaging over the
calculated moments[17–19]. Then the values of orbital moments were obtained from eq.(1).
(c) For the spin moments in Ce3Co11B4, we adopted the value of 1.21 μB [17] and estimated
μorb by the similar way to that for CeCo4B. For Ce2Co7B3, there are no calculated data of
moments. The small diﬀerence in Hhf appears for the 2c-Co of Ce3Co11B4 and Ce2Co7B3. The
diﬀerence between the compounds has been assumed to be attributed to the diﬀerence in the
spin moments between them. Consequently, the value of 2c-Co spin moment of Ce2Co7B3 has
been taken to be 1.21 × 60.3/58.8 ∼ 1.24 μB.
The estimated values of μspin and μorb are shown in Table 2, together with the magnetic
moment of Co, MCo, in units of μB per formula unit. The spin moment of the 2c-Co, based
on the results of energy band calculations, is about 1.2 μB and almost unchanged through
Cen+1Co3n+5B2n. For the other sites, the spin moment varies from 1.14 μB of the 3g-Co in
CeCo5 to about 0.4 μB of the 6i1 in Ce2Co7B3. The value of μorb of the 2c-Co varies from
∼0.3 μB in CeCo5 to ∼0.1 μB in Ce2Co7B3, and μorb at the 6i and 6i1 sites are found to be
∼0.04 μB in CeCo4B and to be 0.01 μB in Ce2Co7B3. These results thus obtained are shown in
Fig.2(a). The magnetic moments, μCo, which include spin and orbital moments, are also shown
in Fig.2(b). The magnetic moments of Co at 2c and 3g sites in CeCo5 are the largest in the
compounds. There is no B atom in CeCo5, and the hybridization between the Co 3d and B 2p
states does not exist unlike the other compounds with n=1, 2, 3. The magnitude of magnetic
moment of 2c-Co remains almost unchanged and is not aﬀected by the substitution of B for
Co, whereas the μCo at 3g(6i1) site decreases from ∼1.2 μB at 3g in CeCo5 to 0.5-0.4 μB in
the compounds with n=1, 2 and 3. These are attributed to the fact that the 2c-Co site layer
has no B layer just above and below in the compounds, and the hybridization eﬀects are small
compared to other Co sites. The layers of 6i and 6i1 sites have one nearest B layer, and that of
3g (6i2) site has two B layers just above and below, so the μCo at 3g (6i2) site is zero. Thus,
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Fig. 2. The magnetic moments of Co at the inequivalent sites in Cen+1Co3n+5B2n plotted against n.
Dotted lines are only eye guides. (a) The symbols ,  denote the spin moments of the 2c- and 3g(6i1)-Co,
respectively.  and  denote the orbital moments of the 2c-Co and 3g(6i1)-Co, respectively. (b) The symbols
,  and  denote the total Co moments for the 2c-Co, the 3g(6i1)-Co and the 6i2-Co, respectively.
there is a relationship between the magnitude of μCo and the crystallographic environment
around the Co sites. The eﬀects of B atom on the magnitude of Co moment have been studied
by neutron diﬀraction[15] and also by energy band calculations for the isostructural compounds
Yn+1Co3n+5B2n[5, 6], as well as for Cen+1Co3n+5B2n[17].
There are further remarks about the crystal structures of Cen+1Co3n+5B2n (n = 0, 1, 2,
3). The distance between the 6i-Co(6i1-Co) and the 2c-Co layers is d1 = ∼1.97 Å, this is
approximately c/2, where c is the lattice parameter of CeCo5. The distance between the 6i-
Co(6i1-Co) layer and the nearest neighbor Ce-B layer is d2 = ∼1.5 Å. This value is about 25%
shorter than d1, which is caused by the small ion size of B. The magnitudes of d1 and d2 are
almost unchanged with increasing n, which means that the eﬀects of hybridization between Co
3d and B 2p states are also unchanged with n. This leads to that the magnetic moments at
inequivalent Co sites remain almost unchanged with changing n, as shown in Fig.2. For the
compounds with n = 0, 1 and 2, it is found that the magnitudes of MCo estimated from our NMR
results take near values to those obtained by the magnetization measurements. Furthermore,
the Co magnetic moments obtained by the neutron diﬀraction for Ce3Co11B4[26] also agree
well with those of the present estimation shown in Table 2. For Ce2Co7B3, the magnitudes
of magnetization which were obtained by the magnetization measurements are in the range
0.98 - 1.8 μB/f.u.[24, 25]. These values are smaller than MCo= 2.49 μB of our estimation.
Magnetization process for powdered sample of Ce2Co7B3 shows metamgnetic behavior[24, 25],
which was considered to be antiferromagnetic in the absence of external magnetic ﬁeld[25]. It
will need to observe NMR spectrum in high magnetic ﬁeld up to at least 5 T to compare NMR
data with magnetization data. In addition, single crystal of Ce2Co7B3 will be also needed for
the better understanding of the magnetization data.
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3 Summary
We measured NMR spectra at T = 1.4 K for Cen+1Co3n+5B2n with n = 0, 1, 2, 3. On the
basis of the data, we have estimated the spin and orbital magnetic moments of Co at the
crystallographic inequivalent sites in Cen+1Co3n+5B2n (n = 0, 1, 2, 3), combining results of
energy band calculations with the Co hyperﬁne ﬁelds. The present results are generally in
agreement with those of the bulk magnetization, except for that of Ce2Co7B3, although our
estimation depends strongly on the method of determination of the coeﬃcients α and β. It is
also found that the results of neutron diﬀraction measurements on Ce3Co11B4 agree well with
our estimation. The NMR results obtained systematically for Cen+1Co3n+5B2n (n = 0, 1, 2, 3)
show the relationship between the magnetic moments at the inequivalent crystallographic sites
and the eﬀects of B atom on the Co magnetic properties.
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